Electric-field modulation of magnetism in strain-mediated multiferroic heterostructures is considered a promising scheme for enabling memory and magnetic microwave devices with ultralow power consumption. However, it is not well understood how electric-field-induced strain influences magnetic relaxation, an important physical process for device applications. Here we investigate resonant magnetization dynamics in ferromagnet/ferrolectric multiferroic heterostructures, FeGaB/PMN-PT and NiFe/PMN-PT, in two distinct strain states provided by electric-field-induced ferroelectric phase transition. The strain not only modifies magnetic anisotropy but also magnetic relaxation. In FeGaB/PMN-PT, we observe a nearly two-fold change in intrinsic Gilbert damping by electric field, which is attributed to strain-induced tuning of spin-orbit coupling. By contrast, a small but measurable change in extrinsic linewidth broadening is attributed to inhomogeneous ferroelastic domain switching during the phase transition of the PMN-PT substrate.
netostrictive ferromagnet. We also observe in both multiferroic hetereostructures a small electric-field-induced change in extrinsic linewidth broadening, which we attribute to the ferroelectric domain state in the PMN-PT substrate.
30-nm thick films of FeGaB and NiFe were sputter-deposited on (011) oriented PMN-PT single crystal substrates buffered with 5-nm thick Ta seed layers. The FeGaB thin film was co-sputtered from Fe 80 Ga 20 (DC sputtered) and B (RF sputtered) targets. Both FeGaB and NiFe films were capped with 2 nm of Al to prevent oxidation. All films were deposited in 3 mTorr Ar atmosphere with a base pressure ≤ 1 × 10 −7 Torr. The thicknesses of deposited films were calibrated by X-ray reflectivity.
The amorphous FeGaB thin film was selected for its high saturation magnetostriction coefficient of up to 70 ppm 40 and large magnetoelectric effect when interfaced with ferroelectric materials 19 . NiFe was chosen as the control sample with near zero magnetostriction;
the thickness of 30 nm is far above the thickness regime that shows high surface magnetostricion 41 . Fig kV/cm) increases the saturation field by ≈40 mT, whereas only a small change is observed in NiFe/PMN-PT, confirming the significantly different strengths of strain-mediated magnetoelectric coupling for the two multiferroic heterostructures.
Both ferromagnetic thin films exhibit comparatively narrow resonant linewidths, allowing for sensitive detection of the electric-field modification of spin relaxation. Electric-field dependent FMR spectra of FeGaB/PMN-PT and NiFe/PMN-PT were measured using a Bruker EMX electron paramagnetic resonance (EPR) spectrometer with a TE 102 cavity operated at a microwave frequency of 9.5 GHz. The external magnetic field was applied along the [100] direction of the PMN-PT single crystal. These spectra, shown in Fig. 2 
where σ 100 and σ 0−11 are the in-plane piezo-stress, λ and M s are the magnetostriction con- 
where γ/2π=28 GHz/T and M ef f is the effective magnetization. At E < 4 kV/cm, H The FMR linewidth W consists of the intrinsic Gilbert damping contribution (parameterized by the damping constant α) and the frequency-independent inhomogeneous linewidth broadening W 0 :
where f is the microwave excitation frequency. According to Eq. 3 , α and W 0 can be determined simply by measuring the frequency dependence of W . For this purpose, we used a home-built broadband FMR system 44 with a nominal microwave power of -5 dBm and f = 6-19 GHz. Just as in the single-frequency measurement using the EPR system ( Fig. 2 and Fig. 3 ), the external magnetic field was applied along the [100] direction of the PMN-PT substrate. By fitting the frequency dependence of H F M R to Eq. 1 (Fig. 4(a Table I .
In summary, we have quantified electric-field-induced modifications of magnetic anisotropy and magnetic relaxation contributions, namely intrinsic Gilbert damping and inhomogeneous linewidth broadening, in multiferroic heterostructures. A large modification of intrinsic damping arises from strain-induced tuning of spin-orbit coupling in the ferromagnet and is correlated with the magnitude of magnetostriction. A small change in the extrinsic linewidth contribution is attained by controlling the ferroelectric domain states in the substrate. These findings are not only of technology importance for the application on low-power MRAM and magnetic microwave devices, but also permit investigation of the structural dependence of spin-orbit-derived phenomena in magnetic thin films. 
